21 The influence of permeate flux on bacterial adhesion to NF and RO membranes was 22 examined using two model Pseudomonas species, namely Pseudomonas fluorescens and 23 Pseudomonas putida. To better understand the initial biofouling profile during NF/RO processes, 24 deposition experiments were conducted in cross flow under permeate flux varying from 0.5 up to 25 120 L/(h.m 2 ), using six NF and RO membranes each having different surface properties. All 26 experiments were performed at a Reynolds number of 579. Complementary adhesion experiments 27 were performed using Pseudomonas cells grown to early-, mid-and late-exponential growth phases 28 to evaluate the effect of bacterial cell surface properties during cell adhesion under permeate flux 29 conditions. Results from this study show that initial bacterial adhesion is strongly dependent on the 30 permeate flux conditions, where increased adhesion was obtained with increased permeate flux, 31 until a maximum of 40% coverage was reached. Membrane surface properties or bacterial growth 32 stages was further found to have little impact on bacterial adhesion to NF and RO membrane 33 surfaces under the conditions tested. These results emphasise the importance of conducting 34 adhesion and biofouling experiments under realistic permeate flux conditions, and raises questions 35 about the efficacy of the methods for the evaluation of antifouling membranes in which bacterial 36 adhesion is commonly assessed under zero-flux or low flux conditions, unrepresentative of full-scale 37 NF/RO processes. 38 39 40 3
Nanofiltration (NF) and Reverse Osmosis (RO) are well-established processes for the 43 production of high quality water. NF is principally used for the removal of hardness, trace 44 contaminants, such as pesticides and organic matter (Cyna et al. 2002) , while RO is used for 45 desalination (Greenlee et al. 2009 ). NF and RO performance are however adversely affected by 46 biofilm formation resulting in permeate flux and quality decline (Flemming 1997 generally caused by the initial adhesion and subsequent colonization of bacterial cells on the surface 49 of the membrane, amalgamating in a biomass consisting of, and not limited to, polysaccharides, 50 proteins, and extracellular DNA (Pamp et al. 2007) . 51
The first stage of biofilm formation is initiated by the adhesion of bacteria to the membrane 52 surface, a precursor of biofilm formation (Costerton et al. 1995) . Previous conducted without permeate flux, which is an inherent part of NF and RO processes. The 57 hydrodynamic and concentration polarisation effects associated with flux may alter the micro-58 environmental conditions at the interface thereby playing an important role in the characteristics 59 and rate of bacterial adhesion. A recent study showed that under the same flux conditions, the 60 biofilm formed on the surface of three different RO membranes had similar characteristics and 61 affected the membrane performance to the same extent (Baek et al. 2011 ): the percentage flux 62 decline was identical for all the membranes studied. In a previous study (Suwarno et al. 2012 ) it was 63 shown that higher permeate flux resulted in increased biovolume on the membrane surface. 64
Although previous studies suggest biofilm formation is independent of membrane surface properties 65 but dependent on pressure, no systematic studies to date have attempted to investigate the 66 relationship between initial adhesion and membrane properties at different flux conditions. 67 Verwey-Overbeek theory) also takes into account Lewis acid-base (AB) interactions between the 76 bacterial cell and the membrane surface. Cross-flow lift (CL), permeation drag (PD), and gravity (G) 77 forces dominate bacterial movement. If the drag due to the permeating liquid is strong enough to 78 counteract the lifting force associated with cross-flow, the bacteria will be drawn towards the 79 membrane surface where it will be subjected to short range forces such as Lifshitz-van der Waal's, 80 electrostatic double layer (EL) and Lewis acid-base interactions (AB). 81
The only studies where bacterial deposition specifically to NF and RO membranes under 82 permeate flux conditions were reported, are those from Subramani et al. Hoek 83 2008, Subramani et al. 2009 ) where it was found that bacterial adhesion was influenced by 84 membrane properties. However, these studies were conducted at comparatively low fluxes, of less 85 than 20 L/(h.m 2 ) (equivalent to 2.5 bar). In full-scale NF and RO processes for water, seawater and 86 brackish water, treatment fluxes can reach up to 70 L/(h.m 2 ) (Cyna et al. 2002 , Greenlee et al. 2009 , 87 Houari et al. 2009 , Ventresque et al. 2000 . One of the conclusions of the previous study (Subramani 88 and Hoek 2008) was that adhesion increases with permeate flux and according to the XDLVO theory, 89 permeation drag overwhelms interfacial forces at fluxes greater than 20 L/(h.m 2 ) for Reynolds 90 numbers Re<200. Furthermore, the study also concluded that the higher the Reynolds number, the 91 lower the level of concentration polarisation will be encountered for NF and RO membranes, 92 translating into increased electrostatic double layer repulsion between the negatively charged 93 bacteria and the negatively charged membrane, hence reducing adhesion rates. A high cross-flow 94 velocity is also expected to decrease adhesion due to enhanced cross-flow lift. In fact Wang et al. For the broader range of membrane processes, conflicting results can be found in the literature. 106
One study showed adhesion rates onto MF membranes subjected to permeate fluxes ~70 L/(h.m 2 ) to 107 be considerably different between membranes with different surface properties (Kang et al. 2006) . 108
In contrast, another study (Subramani and Hoek 2008) Fouling Resistant membrane. The membrane properties are presented in Table 1 177 As can be seen from Table 1 membrane The cross-flow test unit used was a modified version of the unit found in a previous study (Semião et 190 al. 2013 ) and the schematic and operational details can be found in the Supporting Information SI. The protocol used to clean the cross-flow system consisted of two antibacterial treatments involving 197 30 min recirculation steps of 70% Industrial Methylated Spirit (IMS, Lennox, Dublin, Ireland), 198 followed by 0.1 M NaOH. The system was rinsed in between treatments with 18.2 m.cm -1 grade 1 199 pure water (Elgastat B124, Veolia, Ireland). Since pure water is ineffective in completely removing 200 NaOH, an added step of recirculating pure water with a pH adjusted to 7 using 5 M HCl and a buffer 201 solution of 10 mM NaHCO 3 was adopted. The pH of the recirculating solution was systematically 202 checked to ensure there was no vestige of NaOH in the system. difference. The small differences obtained in surface coverage for these two membranes is probably 307 due to the fact that the NF270 membrane is more hydrophilic with a contact angle of 8.4° compared 308 to the ESNA1-LF which has a more hydrophobic nature, with a contact angle of 68.8°, as can be seen 309
in Table 1 . Hence the more hydrophobic membrane ESNA1-LF shows greater adhesion compared to 310 the more hydrophilic membrane NF270. 311
When comparing the other membranes for a permeate flux in the region of 20 L/(h.m 2 ), it can be 312 seen from Figure 1 Table 1 : the contact angle measurements varied from 25.6° for the BW30 to 62.4° for the 317 ESNA1-LF2 and the roughness varied from 209 nm for the BW30 to 665.7 nm for the BW30-FR. 318
Despite the significant differences of the membrane surface properties surface coverage did not vary 319 substantially for the same permeate flux conditions, showing that under pressure membrane surface 320
properties have a small effect on P. fluorescens adhesion ( Figure S3 .1 in the Supporting Information). 321
This suggests that membranes with anti-bacterial or anti-biofouling properties should be tested 322 under representative pressures in order to fully assess their true performance. In contrast, adhesion 323 rates onto microfiltration membranes subjected to a permeate flux similar to the ones tested in the 324 present paper (20 µm.s -1 ) were considerably different depending on the membrane surface 325
properties (Kang et al. 2006 ). These differences might be due to the tested species characteristics, to 326 different filtration conditions, different membrane surface properties such as the presence of pores 327 or to solution characteristics. 328
It was further noticed that the 30 min adhesion of bacterial cells to the membrane surface did not 329 cause a decrease in the measured permeate flux as this did not vary by more than 3% compared to 330 the flux measured before the introduction of bacterial cells into the system (i.e. during equilibration 331 with 0.1 M NaCl). Despite the adhesion of bacterial cells to the membrane surface covering up to 332 40% of the surface, this did not cause enhanced concentration polarisation that has been identified 333 in previous studies in the case of cake and biofilm formation (Herzberg and Elimelech 2007, Hoek 334 and Elimelech 2003). 335
Two main conclusions can be drawn from this study at the experimental conditions studied: (1) P. reaches a surface coverage of 40% for permeate fluxes higher than 100 L/(h.m 2 ). These differences 356 could be associated to small differences of bacteria size. The smaller bacteria P. putida suffers 357 permeate drag to a lesser extent than P. fluorescens (Subramani and Hoek 2008) and therefore 358 adheres less for similar permeate fluxes. However due to the previously described "blocking effect" 359 mechanism, surface saturation is eventually reached by both strains at ~40% surface coverage. As P. 360 fluorescens and P. putida do not substantially differ in cell size, the blocking effect caused by these 361 two strains would be expected to be similar, and therefore the maximum surface coverage reached 362 is also expected to be similar. 363
The study by Subramani and Hoek (Subramani and Hoek 2008) showed that during filtration at low 364 pressures, the difference in adhesion rates between species studied was significant, but as the 365 pressure increased, corresponding to fluxes up to 20 L/(h.m 2 ), the difference in adhesion rates 366 between species diminished resulting in similar adhesion rates at higher pressures/permeate fluxes 367 regardless of species studied. Furthermore, the same study (Subramani and Hoek 2008) showed 368 that the differences in adhesion rate of Saccharomyces cerevisiae on different tested membranes 369 became smaller with increasing permeate flux conditions, hence showing an overwhelming effect of 370 the convective flux compared to membrane surface properties. Although this present study differs 371 from the previous studies by focusing primarily on "end-points" following 30 minutes adhesion, a 372 common conclusion can be drawn in which higher permeate flux will lead to higher bacterial surface 373 coverage but membrane and cell surface properties have very little impact on the surface coverage. 374
The design of this present study therefore allowed a comparison of multiple membranes at different 375 flux conditions in regards to bacterial adhesion, which was especially necessary when evaluating the 376 claimed anti-fouling properties of specialized commercial membranes. macromolecules on the outer membrane is known to be influenced by the bacterial growth phase 389 (Hong and Brown 2006) . In one recent study (Walker et al. 2005) it was shown that the adhesion 390 profile of Escherichia coli was dependent on its growth phase, which was determined by the charge 391 distribution resulting from electrostatic repulsion forces. Differences in biofouling of RO membranes 392 have also been shown to depend on the growth stage of the bacterial species studied (Herzberg et 393 al. 2009 ). Differences were caused by the bacterial cell properties such as zeta potential. It is 394 however unclear how the growth stage impacts on the initial adhesion of bacteria onto NF and RO 395 membranes at high flux conditions. Hence the initial biofouling onto different NF and RO 396 membranes was investigated in the present study at a fixed but representative pressure (11.3 bar) 397 using bacteria at different growth phases to determine whether the effect of cell surface physico-398 chemistry was significant. The physicochemical surface properties of P. fluorescens cells grown at 399 different exponential growth stages based on their affinities to different polar and apolar solvents 400 were studied and are presented in Table 2 . Considerable variations in the affinity of P. fluorescens 401 cells to apolar solvents hexadecane and decane revealed changes in surface hydrophobicities as cells 402 enter into different exponential growth stages. Affinity to hexadecane decreased from 67.2 % to 403 27.0%, as cells enter early exponential (OD 600 =0.2) to late exponential (OD 600 =1.0) growth stages. 404
Likewise affinities to decane decreased from 47.6% to 28.9%. 405 A high affinity to chloroform (>94%) was observed for all tested P. fluorescens cells, irrespective of 406 their growth stage. The high affinity to chloroform compared to affinities to hexadecane is an 407 indication that the tested P. fluorescens cells possess a dominating electron donor character. 408
Although lower, the affinities to ethyl acetate were on average ≈50%, irrespective of P. fluorescens 409 growth state. When comparing affinities to decane and ethyl acetate, P. fluorescens cells grown to 410 mid exponential (OD 600 =0.6) and to late exponential phases (OD 600 =1.0) possess a secondary electron 411 acceptor character, based on their higher affinity to ethyl acetate than decane. This Lewis acid 412 surface property is negligible for P. fluorescens cells entering early exponential growth stage 413 (OD 600 =0.2) as seen by their similar affinities to both decane and ethyl acetate. These results clearly 414 indicate the subtle surface physicochemical differences between P. fluorescens grown at different 415 exponential stages. Surface hydrophobicity has been shown to affect cell adhesion to surfaces (Bos 416 et al. 1999 , Habimana et al. 2007 , Vanloosdrecht et al. 1987 . 417 418 Table 2 : Mean affinities of P. fluorescens at different growth stages to solvents hexadecane, 419 chloroform, decane, and ethyl acetate. Error represents standard deviation of three replicates. 420 421 422 423
In the particular case of P. fluorescens, there is no significant effect of the growth stage on the 424 adhesion onto different NF and RO membranes, as shown in Figure 3 (and Figure S3 .2 in the 425 Supporting Information). It seems that the convective flux towards the membrane surface 426 overcomes the effect of the membrane surface properties, as suggested in a previous study 427 (Subramani and Hoek 2008 
CONCLUSION

432
This study offers an increased understanding of bacterial adhesion on NF/RO membranes under 433 conditions typically found in full-scale processes. The work presented in this paper clearly shows that 434 for representative Reynolds numbers and permeate fluxes, the membrane properties and bacterial 435 growth phases do not substantially affect initial bacterial adhesion. This has very important 436 implications, particularly for studies where anti-biofouling membranes are under evaluation: the 437 true efficiency of these membranes can only be fully evaluated when tested under realistic 438 permeate flux conditions. Future work will also need to examine biological factors involved during 439 the early stage of membrane fouling such as EPS synthesis. An understanding of these factors would 440 help better devise or select optimal processing strategies for controlling the level of fouling during 441 NF/RO processes. Furthermore, membranes labelled as Fouling Resistant such as the BW30 FR have 442 been shown to have the same initial bacterial adhesion outcome as the other membranes when 443 
